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Porous mineralized collagen membranes efficiently promote bone regeneration. To
generate them, we need to fabricate collagen membranes that are porous. However,
the current fabrication method is primarily based on a bottom-up strategy, with certain
limitations, such as a long manufacturing process, collagen denaturation, and failure to
control fibril orientation. Using a top-down approach, we explore a novel method for
constructing porous collagen membranes via the combined application of bioskiving and
sonication. Numerous collagen membranes with well-aligned fibril structures were rapidly
fabricated by bioskiving and then sonicated at 30, 60, 90, and 120W for 20min. This
treatment allowed us to study the effect of power intensity on the physicochemical traits of
collagenmembranes. Subsequently, the prepared collagenmembranes were immersed in
amorphous calcium phosphate to evaluate the feasibility of mineralization. Additionally, the
bioactivities of the membranes were assessed using preosteoblast cells. Tuning the power
intensity was shown to modulate fibril orientation, and the porous membrane without
denatured collagen could be obtained by a 20-min sonication treatment at 90W. The
prepared collagen membrane could also be further mineralized to enhance osteogenesis.
Overall, this study offers a rapid and convenient approach for fabricating porous collagen
membranes via bioskiving and sonication.
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INTRODUCTION

The clinical treatment of alveolar bone defects caused by periodontitis and trauma has advanced
considerably with the use of the guided bone regeneration (GBR) technique. Despite various issues
associated with the GBR technique, the GBRmembrane has a crucial function (Turri et al., 2016; Wu
et al., 2020; Farnezi Bassi et al., 2021; Zhang et al., 2021). Historically, the GBR membrane has aided
in stabilizing the blood coagulum and secluding the rapidly proliferating tissue, including the gingival
epithelium and connective tissue, thereby creating a suitable environment for osteogenesis (Elgali
et al., 2017). Collagen, which has proven biocompatibility and excellent tissue integration (Pei et al.,
2021), has received much attention regarding its use in GBR membrane construction (Dacache Neto
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et al., 2020; Kapogianni et al., 2021). Currently, the GBR
membrane is designed with a dual-layered structure, including
the layer facing the mucosa and the layer facing the bone defect
(Li P. et al., 2021). Notably, driven by the requirement for
superior osteogenic performance, there is an urgent need for a
bone defect–faced layer to induce and promote bone
regeneration. However, premature biodegradation, poor space
maintenance ability, undesirable mechanical properties, and
insufficient osteogenic capacity make the collagen membrane
imperfect. Moreover, the layer facing the bone defect should
provide a favorable microenvironment for regulating the fate of
osteogenic-related cells (Chuang et al., 2019). In addition, a
suitably porous structure of the membrane is also required to
facilitate the new bone formation, which guarantees a good
supplement of nutrients and enables osteogenic-related cells to
grow (Zhang et al., 2017).

The mineralized collagen fibril is the fundamental building
block of natural bone (Liu et al., 2016b; Yang et al., 2020b).
Compared with pure collagen, it is characterized by advanced
biomechanical properties, desirable biodegradation, and superior
bone regeneration ability (Pereira et al., 2020). Therefore, the
fabrication of porous architecture based on mineralized collagen
fibril has generated increased interest (Qiu et al., 2015; Li Z. et al.,
2021), and the resulting membrane has been demonstrated to
enhance GBR (Li J. et al., 2021). At present, the fabrication
procedure for a porous mineralized collagen membrane
mainly involves two key processes. The porous collagen
membrane is first manufactured and then subjected to
mineralization (Wang et al., 2018). Notably, with an increased
understanding of natural mineralization, amorphous calcium
phosphate (ACP) has been extensively and successfully
employed to mineralize collagen fibril (Liu et al., 2016a; Yang
et al., 2020a). As demonstrated previously, the physicochemical
and biological properties of the resulting mineralized collagen
fibril were highly similar to those of the bone (Liu et al., 2016b).
Therefore, a significant requirement for the construction of
porous mineralized collagen membranes is the fabrication of a
porous collagen membrane.

To date, the porous collagen membrane is constructed via a
bottom-up strategy. In brief, the collagen-rich tissues (such as the
rat tail and bovine tendon) are dissolved in a collagen molecule
solution using acid, salt, or enzyme extraction (Ferraro et al.,
2017). Subsequently, the collagen molecules are assembled and
organized into porous collagen membranes using various
techniques like freeze-drying, pH adjustment, or
electrospinning (Marelli et al., 2015; Zhang et al., 2018;
Salvatore et al., 2021; Zhou et al., 2021). Unfortunately, several
drawbacks exist during the preparation of porous collagen
membranes. First, the collagen extraction process is relatively
slow. It usually takes several days to even a week, and the resulting
collagen has a low yield and purity (Ferraro et al., 2017). Second,
the enzyme removes telopeptides and the acid partially breaks
interchain cross-linkages of collagen during the extraction. This
technique partially impairs the stability of subsequently
assembled collagen fibrils and leads to the loss of
topographical cues (Wan et al., 2021). Third, the
electrospinning process can severely denature collagen

(Zeugolis et al., 2008). Additionally, the pore size, collagen
fibril orientation, and membrane thickness cannot be precisely
controlled during the pH adjustment or freeze-drying process,
impairing new bone formation and clinical application. The
aforementioned deficiencies can be mainly attributed to the
bottom-up strategy. Altering this fabrication strategy may
provide a feasible approach for addressing this challenge.

Bioskiving is a sectioning-based fabrication approach based on
a top-down strategy (Alberti and Xu, 2013; Ghazanfari et al.,
2019). Instead of employing collagen molecules as the raw
material, bioskiving directly utilizes the bovine tendon to
construct the collagen membrane (Alberti and Xu, 2016).
Therefore, the problems associated with collagen extraction
can be avoided. Moreover, the thickness of the collagen
membrane can be precisely controlled using a cryomicrotome
(Alberti et al., 2014). In addition, as the tendon is composed of
highly aligned collagen bundles, numerous collagen membranes
with unidirectional fibril architecture can be rapidly fabricated
through bioskiving (Alberti and Xu, 2013). Interestingly, as
shown using previous studies, the collagen fibril orientation in
the meniscus was mildly disrupted after gentle sonication
treatment (Yusof et al., 2019), while disordered organization
and denatured collagen fibrils were observed in the
semitendinosus muscle following a high-power sonication
process (Chang et al., 2012). Thus, we hypothesized that
proper sonication treatment could alter the unidirectional
pattern of the collagen membrane into a randomly organized
pattern without collagen denaturation, resulting in the
production of a porous collagen membrane that was
appropriate for mineralization.

The present study describes our attempt to explore a novel
method to construct porous collagen membranes via a combined
bioskiving and sonication treatment approach and verify the
feasibility of mineralizing the prepared porous collagen
membrane (Figure 1). A series of collagen membranes were
first manufactured via bioskiving and subsequently sonicated
at various power intensities. Using a systematic
characterization approach, the influence of sonication power
intensity on the physicochemical properties of the collagen
membrane was elucidated. Next, porous mineralized collagen
membranes were produced using ACP mineralization, and the
physicochemical traits (such as microstructure, crystallinity, and
inorganic mass) and bioactivity (using preosteoblast cells) were
investigated. We expect that from this study, a promising and
feasible approach to fabricate the GBR membrane will be
developed.

MATERIALS AND METHODS

Fabrication and Characterization of Porous
Collagen Membranes
Construction of Porous Collagen Membranes via
Bioskiving and Sonication
Collagen membranes with a unidirectional fibril structure were
fabricated through bioskiving (Alberti et al., 2015; Yang et al.,
2020a). In brief, the bovine Achilles tendons were purchased from
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a slaughter house and trimmed into blocks (approximately
10 mm × 10 mm × 2 mm) before immersion in a
decellularization solution, containing sodium dodecyl sulfate
(1% w/v), ethylenediaminetetraacetic acid (0.1 mM), and Tris
buffer (1 mM). The tendon blocks were vigorously shaken in the
decellularization solution for 36 h, and the solution was refreshed
every 18 h. After a thorough wash with deionized water, the
tendon blocks were sectioned into collagen membranes using a
cryomicrotome, and the thickness was precisely maintained at
100 μm. Following repeated washes, the bovine tendon
membranes were treated at different sonication powers (30,
60, 90, and 120W) for 20 min using a sonicator (Lifeng Co.,
China). During the sonication treatment, the collagen
membranes were placed on a polytetrafluoroethylene (PTFE)
plate and covered with a glass slide to avoid membrane
folding. Ice was supplied to the sonic bath to keep the
temperature at around 25°C. Next, the prepared porous
collagen membranes were cross-linked by 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (0.25 M)/
N-hydroxysuccinimide (0.1 M) for 2 h. The prepared collagen
membranes were labeled according to the power intensity of the
sonication treatment: 30W collagen membrane (WCM), 60, 90,
and 120WCM. All the chemical reagents mentioned before were
purchased from Xiya (Xiya Reagent Co., Shangdong, China). In
addition, gelatin was used as the control to evaluate whether the
sonication treatment denatured the collagen and was obtained by
placing bioskiving-fabricated bovine tendon membranes into an
80°C water bath for 20 min.

Scanning Electron Microscopy
A SEM (Quanta 400F) was utilized to evaluate the surface and
lateral micromorphology of prepared collagen membranes at an
accelerating voltage of 15 kV. The 30, 60, 90, and 120WCMswere
dehydrated in a gradient ethanol solution (50–100%), mounted
on a stub, and sputter-coated with gold particles. The diameter
and orientation of the collagen fibrils were measured and
analyzed by ImageJ software.

Differential Scanning Calorimetry
DSC (DSC-204 F1) analyses of the 30, 60, 90, and 120WCMs and
gelatin were conducted in a nitrogen atmosphere with
temperatures ranging between 100 and 120°C. The heating rate
was 5°C/ min.

Circular Dichroism
CD measurements were conducted by using a Chirascan Plus
spectropolarimeter (Applied Photophysics). The samples
were prepared by dissolving the porous collagen
membrane into hydrochloric acid (pH � 1), and the
concentration was 0.4 mg/ ml. The samples were
equilibrated for 1 h before the test, and CD spectra were
collected from 190 to 240 nm.

Attenuated Total Reflectance–Fourier Transform
Infrared Spectroscopy
The functional group and integrity of the triple helix of the
collagen fibril were investigated by the ATR-FTIR

FIGURE 1 | Schematic illustration of the construction of porous collagen membranes via bioskiving combined with sonication and mineralization treatment.
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spectrophotometer (Nicolet iN10). The 30, 60, 90, and
120WCMs were scanned in the range between 400 and
4,000 cm−1. The peak ratio of the amide band III to
1,448 cm−1 was calculated to evaluate the integrity of the
triple helix.

Atomic Force Microscope
The elasticity modulus of the untreated membrane, 30, 60, 90,
and 120 WCMs, and gelatin were characterized by using an
AFM (MFP-3D-S). The AFM was tested in an AC mode
(tapping mode) at room temperature and atmospheric
pressure.

Surface Wettability Characterization
The water contact angles of membranes were measured by using a
contact angle goniometer (Model JY-82). The untreated
membrane, 30, 60, 90, and 120WCMs, and gelatin were stuck
to the glass slide. Water droplets dripped at a rate of 2.00 μL/ s
onto the membranes.

Fabrication and Characterization of Porous
Mineralized Collagen Membranes
Construction of Porous Collagen Membranes
A mineralized solution was prepared based on the previously
reported method (Yang et al., 2016; Yang et al., 2020b). One
gram of carboxymethyl chitosan (CMCS, Xiya Reagent Co.)
was dissolved in Tris buffer containing 2,742 mg of K2HPO4,
followed by addition of (drop-by-drop) 2000 mg of CaCl2. The
porous collagen membranes were immersed in the mineralized
solution and shaken (60 rpm) at room temperature, and the
mineralized solution was refreshed every 2 days. After 8 days,
the porous mineralized collagen membranes were collected and
named according to the power intensity of sonication: 30, 60,
90, and 120 WMCM. Mineralized collagen membranes were
washed with deionized water to eliminate the loosely attached
minerals and freeze-dried before the physicochemical
characterization.

SEM and Element Analysis
SEM was employed to investigate the microstructure of
mineralized collagen membranes at an accelerating voltage of
15 kV. The samples were prepared according to the
aforementioned method. The chemical elements were detected
by the energy-dispersive spectrum (EDS).

Transmission Electron Microscopy
TEM (FEI Tecnai G2 Spirit) was used to evaluate the intra- and
extrafibrillar mineralization of the 30, 60, 90, and 120WMCMs.
Sample powders were prepared by pulverizing porous
mineralized collagen membranes in liquid nitrogen and
dispersed in ethanol before dropping onto the 300-mesh
copper grid.

X-Ray Diffractometer and Thermogravimetric Analysis
The crystal structure of 30, 60, 90, and 120WMCMs was
determined by XRD (Empyrean), which was operated at 40 kV

and 35 mA. The mineral content of the porous mineralized
collagen membranes was investigated using a TGA (TG 209
F1 Libra) under an air atmosphere. The TGA was conducted
at a temperature ranging from room temperature to 800°C at a
heating rate of 10°C/ min.

In Vitro Biological Assays
Cell Culture and Proliferation Assay
MC3T3-E1 preosteoblasts were purchased from Procell Life
Science and Technology Co., Ltd (Wuhan, China). The cells
were cultured in an alpha modified Eagle’s medium (αMEM,
Gibco, NY, United States) in the presence of 10% fetal bovine
serum (FBS, Gibco) and 1% penicillin/streptomycin (Gibco) at
37°C and 5% CO2. The culture medium was refreshed every
2 days. As cells reached approximately 90% confluence, the
MC3T3-E1 cells were passaged at a ratio of 1:3 or seeded onto
membranes to conduct biological assays. Both collagen
membranes (30, 60, 90, and 120WCM) and mineralized
collagen membranes (30, 60, 90, and 120WMCM) were cut
into 6-mm × 6-mm sections before placing in 96-well plates.
The membranes were sterilized with 75% ethanol for 1 day and
thoroughly washed with PBS.

As for the cell proliferation assay, MC3T3-E1 cells were seeded
on the membrane surface (at a density of 1 × 104) with 100 μL of
culture medium. The culture medium was changed every 2 days.
On days 1, 3, and 5, cell proliferation was evaluated using the CCK-
8 assay kit (Dojindo, Kumamoto, Japan). The culture medium was
removed at the determined time, and the membranes were gently
rinsed three times with PBS. Subsequently, 90 μL culture medium
supplied with 10 μL of CCK-8 reagent was added and incubated for
1 h. Next, the medium was removed, and the optical density (OD)
value at 450 nm was observed using the plate reader (Beckman
Coulter AD 340). Live/dead cell double staining was performed
using the Live/Dead kit (BestBio Science, Shanghai, China)
according to the manufacturer’s instructions to investigate the
morphology and distribution of cells that grew on the membrane.
On day 5, the culture medium was aspirated entirely, and the
membrane was seeded with MC3T3-E1 cells and carefully washed
with PBS. Subsequently, the membranes were subjected to the
calcein-AM staining for 30min, washed with PBS, stained with PI
for 30min, and last washed with PBS. Finally, the membranes were
observed using a fluorescence microscope (Leica DM2500 LED).
The percentage of live cells and the cell cover area were measured
by ImageJ software.

Osteogenic Differentiation Assay
Membranes were cut into 8-mm × 8-mm sections and placed in
48-well plates, followed by ethanol (75%) sterilization and PBS
washing. MC3T3-E1 cells were seeded at a density of 2 × 104 cells
per membrane with 200 μL culture medium. After 2 days, the
osteogenic culture medium (MC3T3-E1 culture medium
supplemented with 50 μg/ ml ascorbic acid, 10 mM β-glycerol
phosphate, and 10 nM dexamethasone) was added and refreshed
every 2 days. On day 7, ALP staining was performed. The
membranes seeded with cells were rinsed with PBS, fixed by
4% paraformaldehyde, and stained with a BCIP/NBT Alkaline
Phosphatase Color Development Kit (Beyotime, Shanghai,
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China) for 2 h. Then membranes were observed using a
stereomicroscope (Leica S9i). Meanwhile, ALP activity was
tested on days 7 and 14. The cells that grew on the
membranes were washed three times with PBS and then
100 μL of lysate (Beyotime) was added and kept on ice for 1 h
. The ALP activity was further tested using the Alkaline
Phosphatase Assay Kit (Beyotime). The results were normalized
to the total intracellular protein content determined by the
Bicinchoninic Acid Protein Assay Kit (Beyotime). The culture
medium was collected on days 14 and 21, and OCN levels were
measured using the Osteocalcin ELISA kit (Shanghai Enzyme-
linked Biotechnology Co., Ltd, Shanghai, China).

Statistical Analysis
All the experiments were repeated in triplicate. Data are
expressed as mean ± standard deviation. One-way ANOVA
and a post hoc Bonferroni t-test were employed to evaluate
statistical significance. The significance level was set as p < 0.05.

RESULTS

Synthesis and Characterization of Porous
Collagen Membranes
The microstructure of prepared collagen membranes was
investigated by SEM (Figure 2). As the sonic power increased,
the lateral section view of the collagen membrane changed from
the tightly packed orientated pattern to the loosely packed
disordered pattern, indicating that fiber orientations inside the
membrane could be altered following the sonication treatment
(Figure 2A). Compared with the well-aligned fibril structure of
the untreated bovine tendon membrane (Supplementary Figure
S1B), only a mild alteration of fibril orientation was observed in
the 30 WCM group, and a majority of the fibrils still had a
unidirectional organization (Figure 2B). Additionally, the
periodic cross-band structure was not affected (Figure 2C). As
the sonic power was increased to 60W, the pattern of parallel
alignment was disrupted to some extent (Figure 2E), and several

FIGURE 2 | Microstructures of prepared collagen membranes. (A) SEM images of lateral view. (B) Low-magnification SEM images of surface (C) High-
magnification SEM images of surface (the arrows represent the cross-band structure of collagen fibrils). Corresponding (D) fibril diameter distributions and (E) fibril
orientation distributions of 30, 60, 90, and 120 WCM.
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micropores were detected. The cross-band structure was also
distinctly found in the collagen fibrils. Notably, the alignment of
collagen fibrils was disrupted entirely in the 90WCM. Numerous
micropores emerged in this collagen network, and the cross-band
structure could also be found in the fibrils. In the 120WCM
group, the collagen membrane still exhibited a porous
architecture combined with disordered organization patterns,
and the fibril diameter (approximately 0.18 μm) was
comparable to that of the 30, 60, and 90WCM groups
(Figure 2D). However, the cross-band structure became
obscure, which was almost similar to the gelatin group
(Supplementary Figure S1C).

The thermal stability of prepared collagen membranes was
tested by DSC (Figure 3A). Contrary to the gelatin group, the
endothermic peak, associated with the denaturation from a triple
helix to the random coil of collagen (He et al., 2011), could be

found in the sonication-treated collagen membranes. Figure 3B
demonstrates the results of the CD spectra. The gelatin exhibited
a single negative peak of lower molar ellipticity, revealing the
random conformation of collagen α-chains (Zeugolis et al., 2008).
Conversely, the characteristic sinusoidal spectra could be found
in the sonication-treated collagen membranes. Notably, the peak
intensity of both negative and positive peaks was reduced in the
120WCM group compared with other groups. To further
investigate the influence of sonication power on the collagen
fibril structure, ATR-FTIR was conducted to assess the integrity
of the triple helix (Figure 3C); (He et al., 2011; Marelli et al.,
2015). Three typical amide bands associated with collagen could
be detected in the untreated bovine tendon membrane. The
amide I band at 1,631 cm−1 was assigned to the C�O
stretching vibration. The amide II band at 1,541 cm−1 was
related to the N–H bending vibration coupled with the C–N

FIGURE 3 | (A) DSC and (B) CD results of prepared collagen membranes. (C) ATR-FTIR spectra, the dotted lines in the ATR-FTIR spectra indicated the peaks at
1,448 cm−1 and amide band III, respectively. (D) Peak ratio of AIII/A1448 (A) untreated collagen membrane, (B–E) 30, 60, 90, and 120 WCM, respectively, and (F) gelatin.
(E) Young’s modulus of the prepared collagen membranes. (F) The contact angles of water on prepared collagen membranes. The asterisk on top of the bar indicated a
statistically significant difference between groups (p < 0.05).
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stretching vibration. The amide III bands at 1,238 cm−1 were
attributed to N–H bending vibration and C–N stretching. The
position and intensity of these amide bands were maintained in
the 30, 60, and 90WCM groups. As reported, the peak ratio of
amide band III to 1,448 cm−1 was a crucial parameter used to
evaluate the integrity of the triple helix (He et al., 2011).
Figure 3D shows no significant difference among the
untreated, 30, 60, and 90WCM groups, indicating that sonic
power (30, 60, and 90W) could tune the fibril orientation without
destroying the triple helix. Although the peak ratio of the
120WCM group was significantly higher than that of gelatin,
this peak ratio was remarkably lower than that of other
sonication-treated collagen membranes. The triple helix of the
collagen fibril was partially damaged following the 120W
sonication treatment, and this was confirmed using an AFM.
Figure 3E shows that Young’s modulus of the 30, 60, and
90WCM groups was similar to that of the untreated bovine
tendon membrane (approximately 1.2 ± 0.38 GPa). Nevertheless,
Young’s modulus of the 120WCM was dramatically reduced to
0.34 ± 0.10 GPa, while Young’s modulus of gelatin only reached
0.001 ± 0.0002 GPa. All the prepared collagen membranes
exhibited a hydrophilic interface. As the sonic power
increased, the water contact angle of prepared collagen
membranes gradually decreased (Figure 3F).

Synthesis and Characterization of Porous
Mineralized Collagen Membranes
The micromorphology of mineralized collagen membranes was
characterized by SEM (Figure 4A). Compared with an

unmineralized collagen membrane, the pattern of fibril
organization was not tremendously altered. The 90 and
120WMCMs still had a porous network architecture. After
mineralization, the periodic cross-band structure almost
disappeared, and a rougher collagen fibril surface was obtained.
The EDS analyses (Figure 4B) verified that these membranes were
rich in calcium and phosphate elements, showing that calcium and
phosphate were efficiently deposited in the collagen fibril following
mineralization. Furthermore, TEM images displayed numerous
plate-shaped minerals, intrafibrillarly and extrafibrillarly
distributed along the collagen fibril axis in the 30, 60, and
90WMCM groups. However, minerals were also present in the
120WMCM group, and the micromorphology of the fibrils was
quite different. The fibril contours were indistinct, and this may be
ascribed to the partial denaturing of collagen fibrils because of the
potent sonication treatment.

To determine the crystallinity of the mineral, an XRD analysis
was conducted. Figure 5A shows that the typical peaks of
hydroxyapatite (32.2° and 25.8°) were detected in the 30, 60,
and 90WMCM groups, suggesting that the minerals deposited
inside the collagen fibril were hydroxyapatite and the constructed
mineralized collagen fibril was very similar to the bone tissue. The
relevant peaks could also be found in the 120WMCM group.
However, the peak intensity was significantly diminished,
revealing that the damaged collagen fibrils may not provide
sufficient nucleation sites. The inorganic content of the
mineralized collagen membranes was determined by TGA
(Figure 5B). This analysis found that the mineral mass of the
30, 60, and 90WMCMwas 21.10, 21.03, and 19.35%, respectively,
whereas the 120WMCM contained a mineral mass of 12.37%.

FIGURE 4 | (A) SEM images, (B) EDS, and (C) TEM images of the prepared mineralized collagen membranes.
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In Vitro Biological Assay
To monitor the distribution and viability of cells seeded on the
membranes, live/dead cell double staining was conducted
(Figure 6A). Most cells were viable, and only a few dead cells
were observed. The percentage of live cells on each membrane
was higher than 90% of all the cells (Figure 6B), demonstrating
that all the membranes exhibited a desirable cytocompatibility.
Meanwhile, the preosteoblasts spread, and growth was linked to
the fibril orientation. As the sonication power increased from 30
to 120W, the cell arrangement changed from almost
unidirectional to random distribution. Notably, the cell density
and cell cover area (Figure 6C) were significantly higher in
mineralized collagen membranes than in unmineralized
collagen membranes. The proliferation of preosteoblasts on
membranes is shown in Figure 6D. The number of
preosteoblasts from each group increased as the culture time
prolonged, demonstrating that the constructed membranes
allowed for cell proliferation. On days 3 and 5, the number of
preosteoblasts on mineralized collagen membranes was
significantly higher than unmineralized collagen membranes,
which was consistent with the live/dead cell double staining
images.

To analyze the osteogenic differentiation, ALP staining was
conducted. Figure 7A shows that the ALP expression was
significantly enhanced in mineralized collagen membranes
compared with unmineralized collagen membranes, revealing
that mineralization improved the osteoinduction ability of
membranes. Additionally, similar to the live/dead cell double
staining, we observed that the cells were arranged in the direction
of the fibril orientation. To further qualitatively compare the
osteogenic differentiation ability of mineralized and
unmineralized collagen membranes, ALP activity and OCN
content were measured. Similarly, we observed that
mineralized collagen membranes could significantly enhance
the ALP activity and promote OCN expression at
predetermined time intervals (Figures 7B,C).

DISCUSSION

A disordered architecture of type I collagen, for example, the
collagen matrix of the woven bone and the cambium layer of
the periosteum, was widely found in humans (Reznikov et al., 2014;

Chen et al., 2015). Constructing the disordered architecture of
collagen is vitally essential for engineering the biomimetic organ.
Type I collagen is abundant in humans, and the triple helix is the
primary structure of type I collagen. Under the packing
arrangement rule, the triple helices are self-assembled into
collagen fibrils that have a periodically banded structure,
containing alternating overlap and gap zones (Reznikov et al.,
2014; Luo et al., 2021). These topological features are vital for
collagen fibrils to give biological cues to cells and provide the
templates for mineralization (Liu et al., 2016a). However, the
current porous collagen membrane is fabricated using the
bottom-up strategy that involves collagen extraction and
assembly. Both procedures can damage the topological features
of the collagen fibril (Alberti and Xu, 2013). To address this, the
top-down strategy, which involves the bioskiving approach, can be
used to fabricate the collagen membrane with a well-aligned fibril
morphology that avoids potential topological damage to the
collagen fibril. The thorough decellularization process could
remove the majority of original resident cells, and the collagen
membranes fabricated by bioskiving exhibited excellent
bioactivities without immunological reaction in vivo (Alberti
et al., 2014; Alberti et al., 2016). After implantation, the
collagen membranes can be degraded by collagenase-1, which
belonged to the matrix metalloproteinase family and primarily
secreted by fibroblasts, neutrophils, monocytes, macrophages, and
endothelial cells. During the tissue healing and under the
regulation of growth factors, cytokines, and hormones, the
expression of collagenase-1 was enhanced and the collagen
membranes were gradually degraded (Alberti and Xu, 2016;
Helling et al., 2017). In addition, the acid environment under
the inflammation condition could also contribute to the
degradation of the collagen membrane. Therefore, the collagen
membranes fabricated by bioskiving can be eventually replaced by
the regenerated tissue. An increased alteration of this well-aligned
fibril organization into a randomly distributed orientation without
damaging the collagen fibril topology represents a feasible
approach to manufacture the porous collagen membrane.
Inspired by the previous study that demonstrated that
sonication could change the cellulose pattern arrangement
(Wang and Cheng, 2009), the power intensity of sonication was
shown to be the crucial factor regulating the collagen fibril
orientation. Therefore, we combined bioskiving and sonication
treatment to fabricate the porous collagen membrane and

FIGURE 5 | (A) XRD and (B) TGA results of the prepared mineralized collagen membranes. (a–d) 30, 60, 90, and 120 WMCM, respectively.
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investigated the effect of power intensity on the physicochemical
properties of the collagen membrane.

As the power intensity of sonication increased from 30 to
90W, the alignment pattern of the collagen fibrils was gradually
disrupted, and micropores were also detected in the collagen
membrane (Figure 2B). The average diameter of the collagen
fibril was not significantly altered, whereas the fibril angle was
dramatically changed (Figures 2D,E). As the power intensity
reached 120W, the collagen membrane still had a disordered
pattern, and the fibril angle remained unchanged compared with

the 90W collagen membrane. Based on the previous results, we
verified that tuning the power intensity of sonication could
regulate the fibril orientation of the collagen membrane, and
the porous structure could be rapidly fabricated following a 20-
min sonication treatment at 90 W. Notably, high-intensity
sonication denatured and destroyed the collagen tissue (Cheng
et al., 2010). Therefore, the topological integrity of the collagen
fibril was further evaluated. Figure 2C shows that a periodic
cross-band structure was detected in the 30, 60, and 90W groups,
indicating that the collagen fibril’s triple helices were well-

FIGURE 6 | (A) Representative live/dead images of cells cultured for 5 days on the unmineralized and mineralized collagen membranes. The live cells were stained
green and dead cells were stained red. (B) The percentage of live cells and (C) cell cover area calculated from live/dead images of cells. (D) The CCK-8 results of cell
proliferation on days 1, 3, and 5. The asterisk on top of the bar indicates a statistically significant difference between groups (p < 0.05).
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preserved. However, the cross-band structure became indistinct
in the 120W group. Similarly, the CD and ATR-FTIR results also
indicated that the triple helix of the 120WCM was somewhat
damaged (Figures 3B–D). Moreover, Young’s moduli of the
30W, 60W, 90W, and the untreated groups were significantly
higher than those of the 120W group (Figure 3E), demonstrating
that the collagen fibril was partially denatured following the
120W sonication treatment.

The results mentioned before prove that the combined
application of bioskiving and adequate sonication treatment is a
feasible approach for preparing the porous collagen membrane.
Recently, synchronous self-assembly/mineralization (SSM) is an
emerging novel approach to fabricate mineralized porous collagen
membranes (Lin et al., 2019; Liu et al., 2020). In brief, collagen
molecules and amorphous mineral nanoparticles stabilized by the
polyampholytes were mixed in the acidic solution. As the pH
gradually increased, the mineralized collagen fibrils were generated
via a self-adaptive interaction. Through this approach, both the
construction of a disordered architecture andmineralization can be
achieved simultaneously. SSM stands as an innovative and
convenient avenue to obtaining a disordered structure of
mineralized collagen fibril. Its essence however is still based on
the bottom-up strategy. The potential collagen denature cannot be
avoided, and the orientation of the fibril cannot be precisely
controlled via SSM. On the contrary, the combined application
of bioskiving and sonication treatment, directed by the top-down
strategy, could address the aforementioned deficiencies and
represent an alternative method to fabricate the mineralized
porous collagen membranes. Using this novel approach, the
topological structure of the collagen fibril can be highly
preserved. Unlike the collagen extraction and assembly

procedures that usually take several days to even a week,
bioskiving to fabricate collagen membranes can be completed
within 2 days. The porous structure is then obtained by the
sonication treatment for an additional 20min. This approach,
which features a rapid and straightforward operation, is
particularly appropriate for large-scale production. Additionally,
this technique does not require the freeze-drying and pH
adjustment technique, and the orientation of the collagen fibril
can be easily manipulated by regulating the power intensity of
sonication. Overall, these adjustments allow for the various
collagen membranes to meet diverse needs.

Porous mineralized collagen membranes are perceived to be
promising materials that can promote GBR. Therefore, mineralizing
prepared porous collagen membranes is an essential aspect of this
study. After immersing porous collagen membranes in ACP, the
calcium and phosphate elements were detected in all the groups
(Figure 4B). Both intra- and extrafibrillar mineralization structures
were observed in the 30, 60, and 90WMCM groups (Figure 4C). This
experiment demonstrated that collagen membranes fabricated via
bioskiving and sonication treatment could be mineralized. The
porous mineralized collagen membrane could be obtained by
mineralizing the 90W sonication-treated collagen membrane.
Although the 120WMCM exhibited a porous architecture, its
mineralization was impaired. As indicated by TEM, XRD, and TGA
results (Figures 4C, 5A,B), the hierarchy of the mineralized fibril was
partially damaged, and the inorganic mass was reduced, confirming
that the denatured collagen fibril could not provide a template for
crystallization. Furthermore, the porous mineralized collagen
membrane was shown to efficiently induce the spread and ingrowth
of cells (Figure 6). Meanwhile, mineralized collagen membranes
significantly promoted the proliferation and osteogenic

FIGURE 7 | (A) Representative images (on day 7) of ALP staining of cells cultured on the unmineralized and mineralized collagen membranes. (B) ALP activity and
(C) OCN content of cells. The asterisk on top of the bar indicated a statistically significant difference between groups (p < 0.05).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org October 2021 | Volume 9 | Article 75250610

Wu et al. Construction of Porous Collagen Membrane

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


differentiation of preosteoblasts (Figure 7), which was attributed to the
favorable microenvironment (mechanical properties, topographical
structures, and released Ca2+) provided by mineralized collagen
fibrils (Wang et al., 2018). The in vitro biological results indicated
that our prepared porous mineralized collagen membranes could
promote efficient GBR in vivo.

CONCLUSION

Recognizing the drawbacks of porous collagen membranes
manufactured using the bottom-up strategy, the present study
explored a novel fabrication approach using the combined
application of bioskiving and sonication treatment. Using this
method, numerous porous collagen membranes were rapidly and
easily manufactured, where the collagen fibril orientation was
controlled without damaging its topological structure. These
porous collagen membranes were further mineralized via ACP,
and an enhanced osteogenic performance was observed. In this
study, we offered an alternative approach for fabricating the porous
mineralized collagenmembrane for GBR. This fabrication approach
could also be employed to build various fundamental structures of
the bone (mimicking bone hierarchy), such as the ordered bone
(lamellar bone) and the disordered bone (woven bone).
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